ABSTRACT The hydraulic driven legged robots walking on the ground always encounter impact forces due to the contacts between feet and ground. Aiming to reduce the impact forces, a novel passive compliance method is proposed by adding a miniature hydraulic accumulator to the piston chamber of the hydraulic actuator. And the overflow valve and the check valve are newly equipped to prevent overpressure operation and suction. The accumulator as an elastic component is used to reduce the increment of piston chamber pressure due to the impact forces. To demonstrate the effectiveness of the proposed actuator, a dynamic and hydraulic co-simulation platform for a single actuator is built. Both simulation and experiment results show that the new actuator has better passive compliant characteristics while ensuring rather high position servo precision. Under the control of the low bandwidth hydraulic servo valve, the impact forces are reduced by 30% within the scope of the study. The modeling methodology and experimental details give effective references for the legged robot design.
I. INTRODUCTION
Legged robots are expected to become useful machines for the applications in unstructured environments, where traditional vehicles with wheels and tracks have difficulty in passing through. They also are expected to assist humans with practical applications such as search and rescue, firefighting, forestry inspection, and maintenance tasks in dangerous areas or where automations are required in unstructured environments [1] , [2] .
Flexibility and robustness are the most basic features for the legged robots, yet most advanced robots are still far from these capabilities. The main reason is that the legged robots lack the active and passive compliance characteristics similar to muscles and tendons of humans and animals [3] , [4] . In order to cope with the interaction forces arising during contact with the environment, researchers have proposed several ways. For instance, rubber bands [5] and carbon fiber materials [6] are used to manufacture the passive driven ankles and the low inertia feet to reduce the impact forces and improve the stability of the robots. Mechanical springs [7] are also introduced to be installed in the leg structure as elastic elements to absorb impact forces and store energy indirectly. But these ways of solution are applied in the case of low load capacity and simple environment.
In order to physically interact with the environment, compliant actuators, like series elastic actuators (SEAs) [8] , [9] or variable stiffness actuators (VSAs) [10] , [11] are widely used in robotics field, the advantages of which, such as safer interaction, compliance and force/torque controllability, are that original actuators do not have [12] . Unfortunately, the flexibility of the compliant actuators, whether active or passive, has been severely restricted when the robots work on the condition of ambiguous environment with heavy load and high manoeuvrable. On the one hand, the performance of such compliant actuators depends heavily on mechanical elastic elements, which weakens the versatility of the system. On the other hand, the complex transmission and guide mechanisms restrict the highly integrated design of the leg structure and increase the swing inertia simultaneously.
For legged robots with large load and high maneuverability, the hydraulic actuation system as a result of its unique merit, obtains the increasingly widespread application [13] . Firstly, compared to the electric drives, the hydraulic drives not only have a higher power-to-weight ratio [14] and torque closed-loop control bandwidth, but also deliver faster frequency response [15] . Furthermore, the mechanical design and fabrication process of hydraulic actuators are quite simple. The compactness and robustness that constitute key factors in dynamic applications of hydraulic devices are better than other types of actuators [16] - [18] . However, physical limits and nonlinearity of the components have serious effects on the dynamic response of this system, especially the performance of the two-stage electrohydraulic servo valve. Although the technology bottleneck of the high performance hydraulic servo valve has been broken, there are only a few productions with smaller volume, bigger flux and higher pressure can be used on the legged robots, such as MOOG 30 Nozzle-flapper servo valves which can achieve the bandwidth of 250 Hz.
In this paper, a novel hydraulic servo actuator with passive compliance is proposed to replace the complex cushioning device and effectively buffer the impact forces between feet and ground. A miniature hydraulic accumulator as an elastic element is added to the piston chamber of the cylinder, and the ring chamber is connected with the low pressure oil path through an check valve. Different from accumulators placed on the oil supply hose (before servo valve) which are mainly used to balance pressure fluctuations due to the asymmetric between flow supply and system requirements, the miniature accumulator on the proposed servo actuator not only can stabilize the oil pressure in piston chamber (after the servo valve), but also provides an resilient cavity to contain the high pressure oil produced by the impact forces in a short time. Thereby the pressure surge due to impact forces in piston chamber is greatly reduced. Furthermore, the stiffness characteristics of the actuator are significantly changed by adjusting the inflation pressure of the accumulator. Compared to the noise with low frequency, the hydraulic accumulator performs better on absorbing noise with high frequency [19] . Furthermore, the system can still quickly respond to the impact forces even with the low bandwidth hydraulic servo valve.
The paper is organized as follows. In Section 2 the detailed description of the actuator's mechatronic design is introduced. Sections 3 and 4 describe the co-simulation modeling process and simulation results of the actuator in detail respectively. Section 5 illustrates the experimental results. Conclusions are given in Section 6. 
II. HYDRAULIC SERVO ACTUATOR FOR LEGGED ROBOTS A. ORIGINAL STRUCTURE
The hydraulic servo actuator plays an important role in hydraulic driven legged robots. It mainly consists of a hydraulic valve, a hydraulic cylinder, displacement sensors and load sensors. In the field of legged robots, essential and desirable properties for actuators have to be included: (1) compactness and high robustness; (2) high frequency response; (3) being able to generate smooth animal-like movements.
As shown in Fig. 1 , the hydraulic servo actuator has the same working form as physical muscle and provides driving forces for relative movements between different leg segments. Its structure is mainly determined by the leg configuration [20] , [21] . Some emerging materials and ultraprecision manufacturing technology are also widely used in the hydraulic cylinder [22] .
In Fig. 2 , the CAD model of an original hydraulic servo actuator with its hydraulic schematic diagram is depicted. II is the only oil path inside the actuator for connecting the servo valve and cylinder.
In the hydraulic schematic diagram, P S and P T are the pressure at the supply and return ports. P pis and P r are the pressure in the piston and ring chambers. Q pis and Q r represent the flow in the supply and return paths of the actuator. The piston and rod diameters of the cylinder are noted as d 1 and d 2 . A pis and αA pis denote the pressure area on both sides of the piston, where α represents the scale factor, α =
. f l is the external load suffered by the piston. The piston displacement is noted as x p . The spool displacement is described as x v and its maximum value is x v.max . The mass of the load is m l .
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I v represents the control current of the servo valve, and its maximum value is denoted as I v,max .
The hydraulic servo valve is a complicated device and its theoretical modelling is likewise rather complicated. Since this paper focuses on the relationship between the flow and pressure in the working chamber of the actuator and external loads, the flows going through the valve orifices can be used to replace the servo valve model. The equations can be written as follows [23] , [24] ,
where K v is the valve gain. The function (x v ) is defined by,
Neglecting internal and external leakage flows, the pressure dynamics in both chambers can be described as [25] - [27] ,
where β e is the effective bulk modulus of the system. V pis , V r andẋ p are given by,
where x p0 is the initial position of the piston and L represents the cylinder stroke. The force balance equation of the actuator can be described as,
where m t is the total mass of piston and load m l converted onto the piston. B p and Kp represent the viscous damping stiffness coefficient of the piston and load respectively. During the transient process, the leakage caused by the opening of the valve core and the sliding bearing seal inside the cylinder can be ignored in a certain range of frequencies. The stiffness characteristic of the actuator with respect to the compressibility of the oil can be expressed as follows [28] , [29] ,
The Eq. (6) shows that the K h is associated with the position of the piston in cylinder. 
B. IMPROVED DESIGN
Compared with original actuators using mechanical elastic devices or materials as compliance components, an accumulator is adopted to replace the above units. The variable stiffness characteristic of the accumulator improves the matching of the actuator output performance and the system demand. Meanwhile, it can also stabilize the pressure fluctuation in the chamber while it buffers the impact forces. Compared with the series elastic actuator and the variable stiffness actuator, this optimized actuator can be easily integrated into the leg structure.
The added accumulator provides a variable and resilient cavity for the piston chamber of the actuator, which can generate an ideal shrinkage for the piston when a larger impact force occurs. The resilient cavity generated by the piston retraction is filled with oil from the low pressure path through the check valve. The additional overflow valve is designed to prevent excessive pressure from damaging the gasbag in the accumulator.
As shown in Fig. 3 , P accu and V accu are the inflation pressure and volume of the compressed gasbag in the accumulator in the working state. Q accu indicates the flow between the piston chamber and the accumulator. Compared with the original hydraulic servo actuator, the hydraulic servo actuator with passive compliance adds three oil paths on the basis of the original structures. The function and layout of each path are described as follows,
• II is the safety oil path. Two ends of the path are connected to the III and the oil return hose respectively. The overflow valve is provided as the control element on this oil path.
• III is the buffering oil path. Two ends of the path are connected to the piston chamber of the cylinder and the accumulator respectively.
• IV is the make-up oil path. Two ends of the path are connected to the oil return hose and I respectively. The check valve is provided as the control element on this oil path. According to Boyle's Law of Gas, what can be obtained is as follows [30] , [31] ,
where V g0 and P g0 represent the initial volume and inflation pressure of the gasbag in the accumulator respectively. n is the parameter determined by the working state of the accumulator and follows a few principles, 1) when the energy is slowly absorbed or released by the accumulator, the gas can be considered to work under isothermal condition, n = 1. 2) when the energy is quickly absorbed or released by the accumulator, the gas can be considered to work under adiabatic condition, n = 1.4. Differentiating V accu from Eq. (7) gives,
If the mode of the accumulator is neither fully discharged nor fully charged, the gas pressure P accu is the same as the hydraulic pressure in the piston chamber P pis . The V pis can be replaced by V pis ,
When the piston is retracted by the impact force, the ring chamber of the actuator is connected to the return oil port (P T ≈ 0). The flow that passing through the check valve can be expressed as,
where C q is the flow coefficient of the pore. D represents the hole diameter of the check valve. P can be described as, P = P T − P r − P crack (11) where P crack is the opening pressure of the check valve and in most cases, P crack ≈ 0. The function ( P) is defined by,
Considering that the opening pressure of the overflow valve is set higher in practical application, the pressure dynamic of the overflow valve is not considered. Then Eq. (3) will transformed to,
in which V pis and V r are expressed as,
The whole process is completed in a very short time, and the accumulator can be considered in an adiabatic working state and n = 1.4. The hydraulic spring stiffness of the actuator can be expressed as follows [32] ,
The Eq. 15 indicates that the hydraulic spring stiffness depends on the initial inflation pressure, the initial gasbag volume and the variation of the gasbag volume when the accumulator is in working condition.
III. CO-SIMULATION MODEL A. MODELING METHOD
The Advanced Modeling Environment for Performing Simulation of Engineering Systems (AMESim) and virtual prototype analysis system (ADAMS) are used to establish a typical co-simulation model of the hydraulic servo actuator with passive compliance [33] , [34] .
As can be seen from Fig. 4 , the piston displacement x p , the piston speed v p and the output force of the actuator A p (P pis − αP r ) are the interactive data between ADAMS and AMESim. x p and v p as input signals of AMESim are calculated by ADAMS. f h calculated from x p and v p is fed back to ADAMS and applied to the piston. Figure 5 shows the models established in AMESim and ADAMS interface, respectively. In two hydraulic schemes ( Fig. 5 A and C) , DYNADAMSDISC is the dedicated interface block called dynamic_adams_discrete, which is used for variable communication between AMESim and ADAMS. FVXSG1 is the module for conversion between x p , v p and A p (P pis − αP r ). In the virtual model (Fig. 5 B) , the impact forces between the robot feet and the ground are simulated by the collision between the steel block and the piston rod. The rod and cylinder are connected by a sliding joint. The connection between the rod and the block is established by a contact joint.
B. SYSTEM MODEL
In this paper, the position closed -loop control is used to verify the output characteristics of the actuator, where the PID error feedback controller is adopted. The control law can be written as,
where K p ,K i and K d are coefficients of the controller and
where k represents the input signal. The physical parameters of the system can refer to Table 1 . When the actuator is positioned vertically, the small friction caused by the squeezed seal between the cylinder and the piston can be ignored because of the weak influence.
IV. SIMULATION RESULTS

A. SIMULATION SETUP
In order to verify the effect of the accumulator on the servo precision of the actuator, the steel block is fastened by a fixed joint in the first stage. At the same time, the mass of the steel block is equated to the piston rod. The related simulation parameters refer to Table 2 .
The second stage is mainly to study the buffering characteristics of the actuator. The fixed joint is removed and the steel block is free falling. The mass of the piston rod m l is restored to 0.45 kg. To obtain different sized impact forces, the mass and the initial drop height (the distance between the steel block and piston rod) are set to different values. The initial charge pressure of the accumulator is set to 20 bar, 40 bar, 60 bar and 80 bar respectively. The rest of the simulation parameters are set as shown in Table 3 . Figure 6 shows the displacement of the piston, the pressure in the piston chamber and the compression of the gasbag in the first stage respectively. It can be observed that the curves of the piston displacement are well coincident, which indicates that the added accumulator does not affect the accuracy of the actuator servo position. The greater the initial inflation pressure is, the steeper the contour of the chamber pressure curves become, and the closer that are to the state without accumulator. This means that the stiffness of the actuator increases with the initial inflation pressure of the accumulator. Figures 7 and 8 show the simulation results of the second stage and some important parts of the curves are enlarged. Due to the steel block rebounding and repeating collisions with the piston rod during the simulation, the data within 0.3 s before and after the first collision is extracted for a more intuitive simulation results to display. The maximum retraction length and the maximum impact forces generated by the collision between the piston rod and the steel block under different inflation pressures are shown in Fig. 9 . From the 59490 VOLUME 6, 2018 simulation results, it can be seen that the hydraulic servo actuator with passive compliance shows a better spring-like cushioning properties when it is subjected to the impact forces. It is worth noting that the retraction length of the piston rod decreases as the initial inflation pressure increases with the smaller impact forces in case 1, but this law is no longer satisfied in case 2 when the impact forces increase. The reason for this phenomenon is that the initial compression of the gasbag in the accumulator has large difference with different initial inflation pressure before the collision occurs (below picture in Fig. 10 ). In addition, according to Eq. (7) the increase in pressure along the direction of volume of the gasbag reduction assumes a non-linear relationship (top picture in Fig. 10) . Therefore, the stiffness characteristics of the actuators with different initial inflation pressure are greatly different.
B. SIMULATION RESULTS
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V. EXPERIMENT A. OVERVIEW OF EXPERIMENT PLATFORM
The new hydraulic servo actuator is shown in Fig. 11 , and the models of each components are listed in Table 4 . The overflow valve is not necessary to be mounted on the actuator since the accumulator can withstand high pressure.
The completed experiment platform is shown in Fig. 12 . To ensure that the steel block and the piston rod can impact vertically, the two guide blocks are designed and constrained by a vertical linear guide. The steel block is fixed on the upper guide block, while the lower guide block is connected with the piston rod through the pin shaft. The DSP control box is self-developed based on the minimum system board of the Digital Signal Processor (DSP) TMS320F28335.
B. EXPERIMENT SETUP
The experiment is divided into three stages. In the first stage, the steel blocks and two guide blocks are fixed together. In the second stage, the weight of steel block is 50 kg and the upper guide block are bolted together and drop freely at the height of 250 mm from the top of the piston rod. In the last stage, the mass of the steel block is set to be about 15 kg and the height of the drop is 400 mm. The appropriate increase in drop height of the steel block is to compensate for friction between the linear guide and the guide block.
The initial charge pressure of the accumulator is 20 bar, 40 bar, 60 bar and 80 bar respectively. The system pressure is set to 190 bar. The rest of the experiment parameters are set as shown in Table 5 . 
C. EXPERIMENT RESULTS
The experiment results of the first stage are shown in Fig. 14 and Fig. 15 . Since the start time of the recorded data is different, sectional experiment data of each group are used to be compared with others. As can be seen from Fig. 14 , the positional static error between the given signal and the feedback signal is less than 0.5 mm, which indicates that the actuator has higher position servo accuracy with different initial inflation pressure. The lower the initial charge pressure of accumulator is, the better the smoothness of the piston chamber curves (Fig. 15) become and the better the controllability of the actuator will be.
The maximum retraction length and the maximum impact forces generated by the collision between the piston rod and the steel block with different inflation pressures are shown in Fig. 18 . Compared with the simulation results, as the drop height of the steel block increases, the retraction length of the piston significantly increases. In the first stage of the experiment, the maximum retraction length of the piston is about 0.0109 m and it occurs when the initial inflation pressure of the accumulator is 20 bar. At the same time, the impact force under this condition is also the smallest, which is about 5588 N. However, in the second stage, the maximum retraction length of the piston is 0.02 m, which occurs when the inflation pressure is 40 bar, and the minimum impact force occurs when the inflation pressure is 60 bar. This phenomenon proves again that the hydraulic stiffness of the hydraulic servo actuator with passive compliance is not only related to the initial inflation pressure, but also has a great relationship with the compression of the accumulator.
VI. CONCLUSIONS
This paper presents the hydraulic servo actuator with passive compliance to replace the complex cushioning device and effectively buffer the interaction forces between the feet and ground. The co-simulation modelling and the experiment of a single actuator reveal that the added accumulator and auxiliary components not only mitigate the pressure fluctuations in the piston chamber of the actuator to improve the servo characteristics, but also greatly change the stiffness characteristics of the actuator. Compared to the original structure of the actuator, the reduction of the impact force by no less than 30 % in simulation and experiment indicate that this new actuators has a better cushioning capacity. Within the scope VOLUME 6, 2018 of the study, this passive compliance characteristic depends on initial inflation pressure of the accumulator and variation of the gasbag volume.
